Background: Tumors with homologous recombination deficiency (HRD), such as BRCA1-associated breast cancers, are not able to reliably repair DNA double-strand breaks (DSBs) and are therefore highly sensitive to both DSB-inducing chemotherapy and poly (ADP-ribose) polymerase inhibitors. We have studied markers that may indicate the presence of HRD in HER2-negative breast cancers and related them to neoadjuvant chemotherapy response.
introduction
Neoadjuvant chemotherapy has become a widely used treatment strategy for patients with early or locally advanced breast cancer. It is equally effective as similar drug therapy following local treatment and it has additional advantages: breast-conserving therapy is more frequently possible as a result of tumor shrinkage and the effect of the drugs on the tumor can be assessed during treatment. The complete disappearance of all tumor cells at microscopic examination [pathologic complete remission (pCR)] correlates well with overall survival [1, 2] and achieving a pCR is considered an appropriate intermediate end point for clinical trials. Current neoadjuvant drug regimens achieve a pCR rate of 5%-10% in luminal type breast cancers and 40% in basal-like and in HER2/neu-positive tumors [3, 4] .
Bifunctional alkylators and platinating agents cause interstrand DNA cross-linking, which cause DNA doublestrand breaks (DSBs) during DNA replication. In normal cells, these DSBs are repaired by a process called homologous recombination. If this process is unavailable or impaired, a situation referred to as 'homologous recombination deficiency' (HRD) is present and alternative error-prone DNA repair mechanisms take over, leading to genomic instability. The breast cancer genes BRCA1 and BRCA2 are essential for homologous recombination and tumors of patients carrying germline mutations in these genes show HRD as a result of the loss of the second unmutated allele. BRCA1 and BRCA2 can be inactivated in sporadic cancers as well [5, 6] , a phenomenon referred to as 'BRCA-ness'. Many additional genes are involved in homologous recombination, including the Fanconi anemia genes and the BRCA2 inactivating gene EMSY [7] .
Tumors with HRD have been shown to be particularly sensitive to DNA cross-linking agents, such as alkylators and platinum drugs [8] [9] [10] . Both classes of drugs are employed in locally advanced breast cancer. Importantly, the novel poly (ADP-ribose) polymerase (PARP) inhibitors are specifically effective in HRD tumors as well and have shown impressive activity in clinical studies recently [11] [12] [13] . Unfortunately, no clinical tests exist which can reliably determine HRD in tumor biopsies. Previous studies have focused on genes that have a role in homologous recombination, such as the BRCA1 and -2 genes, FANC genes and EMSY [6] . We and others have previously shown that breast cancers of BRCA1 and BRCA2 mutation carriers have a characteristic pattern of DNA gains and losses in an array comparative genomic hybridization (aCGH) assay [5, [14] [15] [16] [17] [18] . In a recent study from our institute, a subgroup of hormone receptor-negative tumors characterized by BRCA1-like aCGH pattern were shown to benefit markedly from intensive platinum-based chemotherapy [Vollebergh MA, Lips EH, Nederlof PM et al. An aCGH classifier derived from BRCA1-mutated breast cancer and benefit of high-dose, platinum-based, chemotherapy in breast cancer patients. Submitted for publication 2010]. Another recent report showed that a subset of triple-negative (TN) tumors might be sensitive to the DNA DSB-inducing drug cisplatin, as a result of low BRCA1 expression levels or BRCA1 promoter methylation [19] .
We prospectively determined the frequency in which these HRD-associated features occur in untreated patients with breast cancer. We correlated the findings with response to chemotherapy that causes DNA DSBs. If HRD is indeed confirmed to be the 'Achilles heel' of certain sporadic tumors, such tests could eventually serve to individualize drug treatment.
patients and methods
patients Pretreatment biopsies of primary breast tumors from 163 women with HER2-negative breast cancer were collected. All patients had received neoadjuvant treatment at The Netherlands Cancer Institute from 2004 to 2009 as part of two ongoing clinical trials or were treated off protocol according to the standard arm of one of these studies. Both studies had been approved by the ethical committee and informed consent was obtained from all patients. For eligibility, breast carcinoma with either a primary tumor size of at least 3 cm was required or the presence of fine needle aspiration-proven axillary lymph node metastases. Biopsies were taken using a 14G core needle under ultrasound guidance. After collection, specimens were snap frozen in liquid nitrogen and stored at 270°C. Each patient had two or three biopsies taken to assure that enough tumor material was available for both diagnosis and further study.
Depending on the particular study, a treatment regimen was assigned to each patient, which consisted of one of the following: (i) six courses of dose-dense doxorubicin/cyclophosphamide (ddAC) or (ii) six courses of capecitabine/docetaxel (CD) or (iii) if the therapy response was considered unfavorable by magnetic resonance imaging (MRI) evaluation after three courses, ddAC was changed to CD or vice versa. For the current study, we only considered patients who started with ddAC (group 1 and group 3); thus, all patients received at least three courses of ddAC (a DSB-inducing regimen).
pathology and response evaluation
All pretreatment biopsies were reviewed by two pathologists (MJvdV and JW). Estrogen receptor (ER) and progesterone (PR) percentages were determined by immunohistochemistry (IHC), and HER2 was assessed by IHC and chromosome in situ hybridization. For some analysis, ER and PR were dichotomized as percentage <50% or ‡50% (variable names: ER_50, PR_50). Pretreatment lymph node status was assessed at pathology. The response of the primary tumor to chemotherapy was evaluated by contrastenhanced MRI [20] after three courses of chemotherapy and after completion of chemotherapy by pathologic evaluation of the resection specimen. The primary end point of both studies was a pCR, defined as the complete absence of residual invasive tumor cells seen at microscopy. If only noninvasive tumor (carcinoma in situ) was detected, this was considered a pCR as well. When a small number of scattered tumor cells were seen, the samples were classified as 'near pathologic complete remission' (npCR). Because the aim of this study was to determine if HRD was correlated with a higher sensitivity to chemotherapy, tumors with an npCR were included in the group of complete remission for analytical purposes. Patients with larger amounts of residual tumor left were classified as partial and nonresponders (PR+NR).
array comparative genomic hybridization
Tumor DNA and reference DNA were cohybridized using two different CyDyes to a microarray containing 3.5k BAC/PAC-derived DNA segments covering the whole genome with an average spacing of 1 MB and processed as described before [21] . Classification of subtypes was carried out using the aCGH BRCA1 and BRCA2 classifier developed by Joosse et al. [5, 22] . We used the same classifier as described by Vollebergh et al. [Vollebergh MA, Lips EH, Nederlof PM et al. An aCGH classifier derived from BRCA1-mutated breast cancer and benefit of high-dose, platinum-based, chemotherapy in breast cancer patients. Submitted for publication 2010] and we considered a BRCA1 probability score ‡0.63 as a BRCA1-like aCGH pattern. Under this cut-off, a tumor was called sporadic like. The cut-off for a BRCA2-like aCGH pattern was 0.5, as described in the original publication [22] .
RT-PCR
Messenger RNA (mRNA) isolation and extraction were carried out using RNA Bee, according to the manufacturer's protocol (Isotex, Friendswood, TX). A 5-lm section halfway through the biopsy was stained for hematoxylin & eosin and analyzed by a pathologist for tumor cell percentage. Only samples that contained at least 60% tumor cells were included in the further analysis. Quantitative real time polymerase chain reaction was carried out using TaqMan Pre-Designed Gene Expression Assay for BRCA1 (#Hs01556193). The standard curve method was used. GAPDH and b-actin were measured for normalization purposes and the average of both gene expression values was used. The cut-off between BRCA1 low and normal gene expression was 0.25. This cut-off was empirically determined (see results section).
multiplex ligation-dependent probe amplification
Hypermethylation of the BRCA1 promoter was determined using a custom Methylation-specific multiplex ligation-dependent probe amplification (MLPA)-set, according to the manufacturers' protocol (MRC-Holland; ME005-custom). When the two BRCA1 markers both showed methylation, we considered the BRCA1 promoter to be methylated. Amplification of EMSY (C11orf30) was determined using a custom MLPA set, containing seven different EMSY probes and nine reference probes (MRC Holland; X025). This EMSY MLPA set was first validated by an EMSY FISH assay (Dako). From the comparison of the EMSY FISH assay and the MLPA, we concluded that an average of the seven probes >1.5 corresponded to EMSY amplification, as detected by at least six copies of the probe at the FISH assay. DNA fragments were analyzed on a 3730 DNA Analyzer (Applied Biosystems, Foster City, CA). Probe sequences for both MLPA kits are available on request (info@mlpa.com). For normalization and analysis, the Coffalyzer program was used (MRCHolland). results
overview of samples
We studied the frequency of HRD characteristics in pretreatment biopsies and subsequently related the findings to neoadjuvant chemotherapy response. A total of 60 TN and 103 ER+/HER22 tumors were studied, which all received neoadjuvant chemotherapy with doxorubicin and cyclophosphamide (AC-regimen). Table 1 shows the clinical pathological characteristics of all tumors. The majority of the tumors were T-stage 2 or 3 and lymph node positive. Most patients were treated by 6· ddAC, although some switched to the DC regimen after three courses of AC. TN tumors had a higher percentage of responders (pCR + npCR) than ER+ patients. Table 2 gives the frequencies of the HRD characteristics per tumor group. BRCA1-related abnormalities (aCGH BRCA1-like profile, BRCA1 promoter methylation and low BRCA1 mRNA expression) were predominantly observed in the TN tumors, while BRCA2-associated changes (aCGH BRCA2-like profile, EMSY amplification) were mainly observed in the ER+/HER22 tumors ( Table 2 ). The percentage of aberrations was not different between patients treated with six cycli of AC versus patients treated with three cycles AC followed by three cycles of DC (data not shown). As the pattern of characteristics and also the response rates to chemotherapy are different in hormone receptor positive and negative tumors, we analyzed them separately.
TN tumors and BRCA1-related abnormalities
The BRCA1-like aCGH profile was predominantly seen in TN tumors (57% in TN versus 6% in ER+ tumors, P < 0.001) ( Table 2 ). Other features of BRCA1 inactivation were assessed by determination of BRCA1 promoter methylation and the level of BRCA1 mRNA expression. These two characteristics were again predominantly observed in TN tumors but were less frequent than a BRCA1-like aCGH pattern: 25% of TN tumors showed BRCA1 promoter methylation and 36% of TN tumors showed a low BRCA1 gene expression. We subsequently determined the relation between the three BRCA1-related abnormalities. Figure 1A and B show the relation between mRNA expression, methylation and a BRCA1-like aCGH pattern. The cut-off between low and normal BRCA1 gene expression was empirically determined based on methylation status. We assumed that methylated samples would have a low mRNA expression, so the cut-off was set at 0.25 ( Figure 1A ). All methylated samples therefore have, by definition, a low BRCA1 gene expression. The median mRNA gene expression of methylated samples was 0.156, while unmethylated samples show a value of 0.398. This difference was statistically significant (P < 0.001). We also studied the relation between the BRCA1-like aCGH pattern and the BRCA1 mRNA expression (Figure 1B) , as low gene expression could be (Table 3) . Patients with tumors showing BRCA1 methylation were younger than those with nonmethylated tumors. Treatment response on A/C was not different between tumors with BRCA1 alterations and without these alterations: 58% versus 48% (P = 0.47) for BRCA1-like versus a sporadic-like aCGH profile; 55% versus 61% (P = 0.70) for methylated versus unmethylated tumors and 54% versus 61% (P = 0.68) for low gene expression versus normal gene expression.
ER + tumors and BRCA2-like profile and EMSY amplification
In the ER+/HER22 tumors, almost exclusively BRCA2-related characteristics were observed: a BRCA2-like aCGH profile or amplification of the BRCA2-inhibiting gene EMSY. Interestingly, those two aberrations were nearly mutually exclusive as a BRCA2-like aCGH pattern and EMSY amplification only occurred in one tumor sample together. Table 4 shows the association between a BRCA2-like aCGH pattern, EMSY amplification and clinical pathological factors. The BRCA2-like aCGH pattern was significantly associated with a lower PR percentage. EMSY amplification was not associated with any of the clinical pathological variables. A BRCA2-like aCGH profile was significantly associated with a higher pCR + npCR rate to neoadjuvant chemotherapy (35% (8) versus 14%, P = 0.014). To control for possible confounders, T-stage, N-stage, ER percentage, PR percentage and age were included in a multivariate analysis. We were not able to include histological grade in the analysis, as it cannot reliably be assessed in the small pretreatment needle biopsies. Table 5 shows that only PR percentage remains significant in multivariate analysis. However, the BRCA2-like aCGH profile is more significant than established prognostic factors, such as T-stage, N-stage and ER percentage.
discussion
In the series of patients described in this paper, the frequency of certain features associated with HRD was studied in untreated breast cancers and possible relationships with neoadjuvant treatment response were explored. This study was restricted to HER2-negative tumors, as we wanted to study the effect of DNA DSB-inducing agents unperturbed by the effect of targeted therapy such as Traztuzumab. In TN tumors, we found mainly BRCA1-related abnormalities, whereas in ER+ tumors, BRCA2 dysfunction-associated characteristics were the predominant features. A significantly higher response rate to DSB-causing chemotherapy was observed in ER+ tumors with the BRCA2-like aCGH profile than in ER+ tumors with a sporadic-like aCGH profile. If these findings are validated in an independent study, there could be important implications for breast cancer chemotherapy selection for luminal tumors. The higher response percentage observed in patients with tumors with a BRCA2-like aCGH pattern could be due to the underlying biology of these tumors. A genomic pattern like that seen in BRCA2-mutated cancer may be due to HRD. In the absence of homologous recombination, adequate DNA DSB repair is impossible, and DSB-inducing chemotherapeutic agents such as cyclcophosphamide and doxorubicin may target the Achilles heel of the tumors. In the current study, standard systemic therapy with DNA damaging agents was employed, (2) 1 (1) P values in bold are significant. aCGH, array comparative genomic hybridization; pCR, pathologic complete remission; npCR, near pathologic complete remission. [13] . Based on results of our findings, we hypothesize that tumors with a BRCA2-like aCGH pattern could benefit from this new class of drugs as well. In TN tumors, no difference in response rates was observed between patients with BRCA1-like aCGH tumors and tumors with a sporadic-like aCGH pattern. In a recent study of our institute, the BRCA1-like aCGH pattern was shown to be associated with an important survival benefit of intensive treatment with platinum-based chemotherapy for high-risk primary breast cancer [M. A. Vollebergh, E. H. Lips, P. M. Nederlof et al., unpublished data]. It is possible that any hypersensitivity to DSB-inducing agents only shows at higher doses, while the lower standard dose causes increased genomic instability rather than cell death.
Our finding that tumors with a BRCA2-like aCGH profile are more sensitive to a combination of an alkylator and an anthracycline compared with tumors with a sporadic-like aCGH pattern is consistent with the results of a study in metastatic breast cancer. In a recent report by Kriege et al. [23] , it was shown that BRCA2 hereditary breast cancers were more sensitive to chemotherapy with anthracyclines or combination chemotherapy with cyclophosphamide, methotrexate and fluorouracil than sporadic breast cancers. For BRCA1 hereditary breast cancer, there was no significant difference in sensitivity. The authors explain the difference in outcome between BRCA1-and BRCA2-mutated tumors by different tumor characteristics, including higher grade, triple negativity and a higher incidence of p53 mutations. Our finding that aberrations in BRCA1 are characteristic for TN tumors and aberrations of BRCA2 for ER + tumors is in line with this. BRCA1-mutated tumors are usually basal like or triple negative, while BRCA2-mutated tumors comprise the complete spectrum of subtypes seen in sporadic tumors. The divergent results we found in ER + and TN tumors underline the need for subtype-specific analysis.
The role of EMSY in HRD remains questionable. In vitro assays have shown that the EMSY protein can bind BRCA2 protein and inactivate its function [24] . An increase in chromosomal instability was observed after EMSY overexpression in vitro. However, it is not clear if EMSY amplification affects the role of BRCA2 in the maintenance of genomic instability in vivo. By counting the number of genomic breakpoints, it was clear that tumors with EMSY amplification displayed a lesser degree of genomic instability than tumors with normal EMSY expression. Furthermore, EMSY and a BRCA2-like aCGH pattern appeared to be almost mutually exclusive events, as only in a single patient's tumor, both characteristics were observed. As EMSY was not related to genomic instability or chemotherapy response, its role in HRD remains to be determined.
A limitation of this study was that we could not assess the association between histological grade, HRD characteristics and chemotherapy response. High tumor grade is associated with decreased overall survival [25] , but it also predicts increased response to neoadjuvant chemotherapy [26] . However, assessment of grade on small needle biopsy material is unreliable and was therefore not included in our analyses. It could not be excluded that the associations found between the BRCA2-like aCGH profile and treatment response will be confounded by histological grade.
In conclusion, we showed that a BRCA2-like aCGH profile is a strong predictor for chemotherapy response in ER + tumors. In TN tumors, BRCA-ness occurred in about half of all cases but did not predict a better treatment response to standard dose chemotherapy with AC. It is certainly possible that conventional doses of cisplatin or carboplatin would be highly effective in this subgroup, as suggested in the literature [19] . In contrast, the BRCA2-like aCGH pattern may be useful for treatment selection as it predicts sensitivity to DNA DSBinducing chemotherapy and possibly to PARP inhibitors. However, validation on an independent set of samples finding will be important. Tests such as these may represent a further step toward truly personalized medicine in breast cancer. 
